Recent data showed that soccer players in Italy had an unusually high risk of amyotrophic lateral sclerosis (ALS) and that repeated head trauma might have contributed to this increase. The authors examined whether head injury was related to ALS risk in a case-control study of 109 New England ALS cases diagnosed in 1993-1996 and 255 matched controls. They also conducted a meta-analysis of the published literature. Overall, ever having experienced a head injury was nonsignificantly associated with a higher ALS risk. When compared with persons without a head injury, a statistically significant ALS risk elevation was found for participants with more than one head injury (odds ratio (OR) ¼ 3.1, 95 percent confidence interval (CI): 1.2, 8.1) and patients who had had a head injury during the past 10 years (OR ¼ 3.2, 95 percent CI: 1.0, 10.2). For participants who had had multiple head injuries with the latest occurring in the past 10 years, risk was elevated more than 11-fold. The meta-analysis also indicated a moderately elevated risk of ALS among persons with previous head injuries (OR ¼ 1.7, 95 percent CI: 1.3, 2.2). In this study population, physical injuries to other body parts, including the trunk, arms, or legs, were not related to ALS risk. These data support the notion that head injury may increase the risk of ALS. amyotrophic lateral sclerosis; craniocerebral trauma; head injuries, closed; head injuries, penetrating Abbreviations: ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio; SOD1, superoxide dismutase 1.
Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative disease characterized by the progressive death of both upper and lower motor neurons. The incidence of ALS is very low in the general population (1) but sharply increases after age 40 years and peaks around age 75. ALS patients have a high mortality rate. More than 50 percent die within 3 years after the diagnosis (1, 2) . Mutations in the superoxide dismutase 1 (SOD1) gene are responsible for approximately 20 percent of the familial cases, or 1-2 percent of the overall ALS patient population, but for most sporadic cases the causes are not known.
Clinical observations and case-control studies have suggested that physical trauma may be associated with a higher risk of ALS, but the evidence is far from conclusive (3). Recently, two reports showed that ALS incidence and mortality were unusually high among professional soccer players in Italy (4, 5) . One hypothesis proposed to explain these findings is that repeated neurologic trauma associated with heading the ball may increase the risk of ALS (6) . Therefore, we examined the relation between head injury, as well as injuries at other body sites, and risk of ALS in a case-control study. We also conducted a meta-analysis of studies in the published literature to examine the relation between head injury and ALS.
MATERIALS AND METHODS
Details of the study design have been published previously (7) (8) (9) . Briefly, ALS patients were recruited between England: the Neuromuscular Research Unit at Tufts-New England Medical Center and the Neurophysiology Laboratory at Brigham and Women's Hospital, both located in Boston, Massachusetts. Sequential ALS patients diagnosed according to the standard criteria of the World Federation of Neurology (10) were considered eligible for the study if they had been diagnosed within the previous 2 years, lived in New England for at least 50 percent of the year, spoke English, and were mentally competent. Of the 154 eligible cases, two could not be contacted and 42 declined (seven because of sickness, 15 because of travel difficulties, and 20 for other reasons), leaving a total of 110 patients in our study.
Population controls were selected using the same eligibility criteria, plus the absence of a diagnosis of dementia, Parkinsonism, neuropathy, postpolio syndrome, ALS, or other motor neuron diseases. Controls were frequencymatched to cases by age (30-55, 56-65, and 66-80 years), gender, and telephone area code (as a surrogate for region within New England), at a ratio of 3:1 for the Boston area and 2:1 for other areas in New England. These controls were selected through random telephone screening based on a modified Waksberg method with two-stage sampling. A total of 354 eligible controls were contacted, and 270 (76 percent) were enrolled in the study; 256 completed the entire questionnaire.
All study participants provided written informed consent. The study protocol was approved by the institutional review boards of the National Institute of Environmental Health Sciences, Tufts-New England Medical Center, and Brigham and Women's Hospital.
Exposure assessment
Information on demographic and lifestyle characteristics and on residential and occupational histories was collected using a structured questionnaire administered by trained interviewers. Cases were interviewed in person and controls by telephone. All participants were asked whether they had ever been injured so severely that they required medical attention-for example, while playing a sport or being involved in a fight or an accident. If they answered yes, they were asked how many times they had been injured and at what ages the injuries had occurred. For up to three incidents, participants were asked whether the injury had involved the head, trunk, right arm, left arm, right leg, or left leg. During the interview, they were also asked to provide other exposure information, including cigarette smoking history and highest level of education.
Statistical analysis
Physical injury variables were categorized before data analyses. The reference date was defined as the date of diagnosis for cases and 2 years before the interview date for controls, as all cases were interviewed within 2 years of their first diagnosis. One case and one control reported inconsistent information across injury-related questions and therefore were classified as having missing data; this left us with an analytic sample of 109 cases and 255 controls. Exposures were first defined as ''ever versus never'' with regard to overall injury as well as injuries occurring at specific body sites. Furthermore, for each body site, we defined exposures according to number of injuries (0 (never injured), 1, or >1), years since last injury (0 (never injured), >30, 11-30, or 10), age at last injury (never injured, <30 years, 30-39 years, or 40 years), and whether a given incident had involved more than one body site (never injured, that particular site only, or that site plus other sites). Odds ratios and 95 percent confidence intervals were calculated from unconditional logistic regression models, first adjusting only for matching factors (10-year age group, gender, and region/area code) and then further adjusting for smoking (ever vs. never) and educational achievement (high school or less vs. more than high school), since both of these variables were related to ALS risk in the study population. To test the robustness of the results, we repeated the analyses after excluding cases and controls who reported a family history of ALS (n ¼ 8 and n ¼ 2, respectively) or any injuries within 3 years of the reference date (n ¼ 2 and n ¼ 3, respectively). All statistical analyses were conducted using SAS software (SAS Institute Inc., Cary, North Carolina).
Finally, we conducted a meta-analysis on the relation between head injury and risk of ALS. We identified eight papers published since 1980 on head injury and ALS by searching MEDLINE and the reference sections of previous publications. All of the studies but one (11) were included in the meta-analysis, together with the current study. The study by Gresham et al. (11) was excluded because the numbers were not consistent across the text and a risk estimate could not be calculated. For published articles that did not provide a summary estimate, we calculated odds ratios and 95 percent confidence intervals when possible, using standard formulas. For individually matched case-control studies, the data were often presented in a way that makes matched risk estimate calculations impossible, and therefore unmatched odds ratios and 95 percent confidence intervals were calculated instead. Except in the current study, risk estimates were not adjusted for potential confounders. Because there was no statistical heterogeneity among the risk estimates across studies (p for heterogeneity ¼ 0.1), the summary odds ratio was obtained with a fixed-effects model, using STATA software (version 8; Stata Corporation, College Station, Texas).
RESULTS
The population characteristics of cases and controls have been published previously (7-9) and thus are not presented here. The average age at diagnosis for cases was 58.3 years. Diagnosis was made, on average, 14.3 months after the selfreported onset of symptoms. Overall, 27 (24.8 percent) of the patients had a bulbar onset and 82 (75.2 percent) had an extremity onset. Among controls, approximately 45 percent reported an experience of severe physical injury in their lifetime that required medical attention. These injuries were most likely to have occurred in the legs (20.9 percent), followed by the arms (19.2 percent), head (16.5 percent), and trunk (11.4 percent) (table 1) .
Overall, ever having had an injury was not related to a higher risk of ALS (table 1) . Among individual body sites, only head injury tended to be associated with a higher risk of ALS (odds ratio (OR) ¼ 1.4, 95 percent confidence interval (CI): 0.8, 2.6), but the association was not statistically significant. Detailed analyses (table 2) indicated that having experienced repeated head injuries or having been injured within the 10 years before diagnosis was associated with a more than threefold higher risk of ALS (OR ¼ 3.1 (95 percent CI: 1.2, 8.1) and OR ¼ 3.2 (95 percent CI: 1.0, 10.2), respectively). A post-hoc exploratory analysis based on small numbers showed that persons who had experienced repeated head injuries with the latest occurring in the past 10 years had more than an 11-fold higher ALS risk than those without a head injury. Finally, cases with head injuries were more likely to have a bulbar onset (33.3 percent vs. 22.4 percent; p ¼ 0.3) and an earlier age of diagnosis than cases without previous head injuries (54.0 years vs. 59.5 years; p ¼ 0.05). Interestingly, three of the four cases (75 percent) with repeated head injuries with the latest occurring in the 10 years before diagnosis had a bulbar onset, and despite the small sample size, the proportion was significantly greater than that among cases without head injuries (Fisher's exact test: p < 0.05). The overall results on head injury and ALS were essentially unchanged when we excluded participants with a family history of ALS or with a head injury that occurred within 3 years of the reference date. The only change was that the odds ratio for head injury within the past 10 years was even higher (OR ¼ 5.6, 95 percent CI: 1.3, 24.4) in the 3-year-lagged analysis.
In contrast to head injury, no other injuries were related to a higher risk of ALS. The odds of having ALS were lower among persons with a history of arm injury. However, further analyses of arm injuries and injuries at any other body site did not reveal consistent patterns of association.
Most of the identified studies on physical trauma and ALS were published in the 1980s or early 1990s. In these studies, head injury was often ascertained along with injuries at other body sites, and the definition of head injury varied, mostly without any specifics (table 3) . The results also varied across studies, with odds ratios ranging from 0.8 to 5.6 ( figure 1) . Nevertheless, the meta-analysis revealed a significant association between head injury and risk of ALS: Compared with persons without head injury, the risk of ALS was 1.7 times (95 percent CI: 1.3, 2.2; p < 0.001) higher among persons with head injuries. Further analysis was impossible, since nearly all studies lacked sufficient details.
DISCUSSION
ALS is the most common motor neuron disease. Its causes are largely unknown, although they are likely to involve environmental components. In this case-control study, head injury was associated with an elevated risk of ALS, particularly for recent repeated head injuries. Though it was based on small numbers, the odds ratio for ALS was 11 y In addition to the above factors, results were adjusted for education and smoking. z OR, odds ratio; CI, confidence interval. § One control had missing information on leg injury.
times higher among persons who had had multiple head injuries with the latest occurring in the 10 years prior to diagnosis. Consistent with the recent reports on ALS among Italian soccer players (4, 5), ALS cases with a previous head injury were more likely to have an early and bulbar onset. The results of the meta-analysis further support a link between head injury and ALS. These findings are consistent with the hypothesis that head injury increases ALS risk. An alternative explanation is that the preclinical symptoms of ALS might have predisposed patients to a higher risk of physical injury. Although we could not exclude this possibility, its plausibility is weakened by the lack of association between ALS and overall injury or injuries to other parts of the body, which were assessed along with head injury in the same structured questionnaire, as well as by the fact that a slightly stronger association was found when injuries occurring within 3 years of the reference date were excluded from the analysis. By the same token, significant recall bias is not a likely explanation for our results, since antecedent reports more frequently implicated injuries involving the shoulders and arms (12, 13)-findings which might have been more publicized among patients.
Recent data showed that ALS mortality among Italian professional soccer players was approximately 12-fold higher than expected (4), while mortality from other causes was generally lower than or comparable to that of the general population. This finding was subsequently confirmed by an incidence study carried out among 7,325 Italian professional soccer players who had played between 1970 and 2001 (5). The incidence of ALS was 6.5 times higher than expected, and cases were clinically characterized by early onset and bulbar involvement at diagnosis. Although both analyses were based on small numbers, the consistency of the results and the relatively large effect estimates suggest that the association is not spurious. Several hypotheses have been proposed to explain this association, including vigorous physical activity, the use of performance-enhancing drugs, excessive pesticide exposure, and head trauma (5). The head trauma explanation was particularly interesting, because three of the five patients in the incidence study (5) had a bulbar onset that could be linked to the soccer-specific head trauma and also because some prior data (6) support a link between head trauma and ALS. An association between physical trauma and ALS has been suggested by many case reports (12, 14) and has been evaluated in several case-control studies (3). In some studies, the nature of the physical trauma was not clearly specified, and in others the definitions varied across studies, from fractures, mechanical injuries, and electric shock to surgery. Not surprisingly, the results from these studies are inconsistent. The studies were further limited by small sample sizes, inadequate exposure assessments, use of convenience controls, and lack of adjustment for potential confounders, and therefore suffered from low statistical power, confounding, and a variety of potential biases (3) . Two recent populationbased case-control studies both failed to show an association between overall trauma and risk of ALS (15, 16) . However, neither study provided specific information on injury site or number of injuries.
Of these previous studies, a few included head injury in the analyses (table 3). All but one were case-control in design and suffered from many of the same limitations as mentioned above. Furthermore, in these studies, rarely were any specific details on head injury presented. The only prospective study included 821 patients with documented head injury, but only one ALS patient was identified during follow-up (17) . Although these studies all suffered from a variety of limitations, the meta-analysis provides preliminary evidence for a positive association between head injury and risk of ALS. Consistently, the detailed analyses from our study support this link and further suggest that recent repeated injuries may be more etiologically relevant. Recent findings from both clinical observations of asymptomatic SOD1 mutant carriers (18) and experimental studies of SOD1 mutant mice (19) suggest that the preclinical motor neuron loss in ALS, like its postdiagnosis clinical course, may be dramatic and aggressive, indicating the importance of recent acute exposure or cumulative exposure as opposed to exposure in the distant past. Our observation of a stronger association with recent repeated head injuries is consistent with this notion.
The mechanisms by which head injury may be implicated in ALS are not known. However, several biologic explanations have been proposed for a possible role of brain injury in other common neurodegenerative diseases, including Parkinson's disease and Alzheimer's disease or dementia (20, 21) . These diseases share some clinical, pathologic, and epidemiologic characteristics with ALS and, on rare occasions, occur together (22) . Proposed mechanisms include trauma-related neurologic inflammation and microglial activation, disruption of the blood-brain barrier, mitochondrial dysfunction and excessive production of oxidative and nitric radicals, and the accumulation of tau protein (20, 21) . While the relevance of these explanations to our observation is unknown, they should be evaluated in future studies of ALS.
This case-control study was one of the better-conducted epidemiologic studies of ALS (23, 24) . Compared with previous investigations on head injury and ALS, the current study was better designed, with a clearly defined study population. Furthermore, we collected much more detailed information on head injury and, for the first time, were able to show a clear relation between recent repeated head injury and a higher risk of ALS. Finally, we conducted multivariate analyses to adjust for several potential confounders.
The major limitation of this study is that cases and controls were interviewed by different methods, and therefore potential bias from this source is of concern. Although we cannot exclude this possibility, the lack of associations with injuries at other body sites, such as the arms or shoulders, argues against a substantial bias from this source. As with many of the previous studies, the statistical analyses were limited by small sample sizes. Therefore, we cannot exclude chance as a potential explanation for the findings. Finally, exposure assessment in the current study was not independently validated, and the meaning of severe injury was, to some extent, open to individual interpretation. Furthermore, the definition of head injury as an injury requiring medical attention may limit the generalizability of our findings somewhat. Therefore, future studies should be larger and FIGURE 1. Results from a meta-analysis of head injury in relation to risk of amyotrophic lateral sclerosis. The studies included were conducted in the United States, Japan, and Italy, mostly during 1970s and 1980s. Odds ratios and 95% confidence intervals were calculated according to a fixedeffects model. The shaded squares indicate the odds ratios for individual studies (on a log scale). The size of each square is proportional to the percent weight of that study in the meta-analysis; the horizontal lines represent the 95% confidence intervals. The pooled odds ratio and 95% confidence interval are indicated by the diamond. No statistical heterogeneity was found among the risk estimates across individual studies (p for heterogeneity ¼ 0.1).
investigators should collect more detailed information about each episode of head injury among various populations.
In summary, in line with the recent observations of higher ALS risk among Italian soccer players, we found that recent repeated head injury was related to a higher risk of ALS in an American population. Therefore, a possible role of head injury in ALS etiology should be further evaluated in both human and experimental studies.
